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We describe a simple hybrid superconductor|ferromagnetic-insulator structure manifesting spin-
resolved Andreev bound states in which dynamic magnetization is employed to probe spin related
physics. We show that, at low bias and below Tc, the transfer of spin angular momentum pumped
by an externally driven ferromagnetic insulator is greatly affected by the formation of spin-resolved
Andreev bound states. Our results indicate that these bound states capture the essential physics
of condensate-facilitated spin flow. For finite thicknesses of the superconducting layer, comparable
to the coherence length, resonant Andreev bound states render highly transmitting subgap spin
transport channels. We point out that the resonant enhancement of the subgap transport channels
establishes a prototype Fabry-Pe´rot resonator for spin pumping.
Introduction.—Spatial variations in the superconduct-
ing order in a finite region lead to the formation of spin-
degenerate Andreev bound states (ABSs) with discrete
excitation energies below the superconducting gap [1].
An externally applied magnetic field or proximity to a
ferromagnetic order, on the other hand, can induce spin
splitting in the ABSs that results into spin-resolved ABSs
[2]. In this Letter, we consider a normal metal (N)
sandwiched between a superconductor (S) and a ferro-
magnetic insulator (FI) that serves as a simple platform
with spin-resolved ABSs, which are localized in the N
layer. The non-equilibrium pure spin current engendered
from the externally driven FI–spin pumping–is utilized to
probe spin transport in an S|N|FI hybrid structure. The
spin pumping generated from a time-dependent magne-
tization, on the other hand, is a flow of spin angular mo-
mentum into adjacent materials that dissipates energy
of the ferromagnet [3]. We suspect that the magnetic
damping increase in a superconducting hybrid multilayer
reported in Ref. [4] can be understood by the resonant
enhancement of the spin pumping discussed here.
In the context of superconducting spintronics, combin-
ing an s-wave superconducting order, favoring electrons
to form a singlet state, with a ferromagnetic order, favor-
ing spin alignment, leads to a powerful enhancement or
reduction of angular momentum transfer [5, 6]. The an-
gular momentum transfer, as a central effect in spintron-
ics, is greatly modified on account of two major under-
lying causes: the itinerant spin-polarized quasiparticles
(QPs) with long spin-coherence lengths [7, 8] or the cre-
ation of spin-triplet Cooper pairs [9–11] induced at highly
spin-active regions or complex magnetic multilayers [12].
Here, the spin pumping in an S|N|FI hybrid structure,
however, is an interplay between spin-polarized QPs and
spin-triplet Cooper pairs, which are dynamically gener-
ated by the excited FI [13, 14]. The subgap ABSs accom-
modate the spin-polarized QPs and spin-triplet Cooper
pairs that for a sufficiently thin S layer can tunnel across
and contribute to the spin current. To collect the spin
current we have placed a spin reservoir Nr, comprising
2
0 2 4 6 8 10
0.0
0.1
0.2
0.3
0.4
0.5
0 2 4 6 8 10
0.0
0.1
0.2
0.3
0.4
0.5
!"/$(&)
g())↑↓	
0.1	&00.2	&0
0.6	&00.4	&00.7	&0
0.9	&0
FIG. 2. The e↵ective spin-mixing conductance vs the S
layer thickness for various subgap temperatures shows an en-
hancement relative to the normal case at T ⇡ Tc, i.e., the
black curve. As the S gap shrinks with the increase of tem-
perature, the enhancement peak diminishes for higher tem-
peratures (near Tc), while its location creeps up to higher
dS . The inset illustrates the same curves, rescaled with the
temperature-dependent coherence length, ⇠(T ) [24]. In this
case, the peak location takes place at dS ⇡ 2⇠(T ). For the
above plots, we have used dN = 4⇠0, and magnetic exchange
interactio strength f  ex = 0.4EF .
electron and electron-to-hole reflection amplitudes, re-
spectively [14, 21]. H re, the race is over all trans-
verse transport channels and f(") = (1 + e"/kBT ) 1 is
the Fermi-Dirac distribution for a QP with energy ".
(The exact expressions for the reflection amplitudes can
be found in the Supplemental Material [22]).
The resultant e↵ective spin-mixing conductance is
plotted in Fig. 2. We find that for subgap tempera-
tures g"#e↵ shows a significant enhancement at the finite
thickness of the S layer, i.e., dS ⇡ ⇠0, where ⇠0 is the S
coherence length at zero temperature. As it can be seen
in Fig. 2, the enhancement is optimal at the midgap tem-
peratures and di in shes upon approaching the normal
state regime at T ⇡ Tc.
We consider the FI region to be a exchange-splitting
insulator for the electrons [24] and in order to properly
take into account the temperature dependence of the S
order, hereinafter, we will consider a temperature depen-
dent S gap  (T ) [24].
Assuming a fixed subgap temperature, e.g., T = 0.4Tc,
we find that the optimal enhancement happe s for  ex <
EF and dN   ⇠0, see Fig. 3. The enhancement behavior
gradually ceases to exist for a narrower normal layer, i.e.,
dN < ⇠0. This indicates that the insertion of a normal
metal layer not only provides a level of control but is a
necessary element for the enhancement of spin flow.
The condensate-facilitated spin flow enhancement oc-
curs for the subgap temperatures and reveals the crucial
role of the QPs with subgap energies. The evanescent
subgap QPs can tunnel across the S layer only for inter-
mediate S layer thicknesses dS ⇠ ⇠0. For a thick S layer
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FIG. 3. Enhancement of the e↵ective spin-mixing conduc-
tance as a function of  ex is optimal for  ex < EF . Here
we have T = 0.4Tc and dN = 4⇠0. For T = 0.4Tc and
 ex = 0.4EF , the inset plot shows that the enhancement
feature persists for any normal metal thickness dN   ⇠0.
the tunneling amplitudes are exponentially suppressed.
This is in agreement with the observation in Fig. 2 that
a spin flow increase takes place for dS ⇠ ⇠0. In this limit,
we get,
Re[g"#] ⇡  
2
 2 + 18
 
cos (4dN"/⇠0 0 + 2✓A)  cos#
 2 ,
(2)
where   = exp[ 2
p
1  "2/ 20 dS/⇠0] ⌧ 1 and ✓A =
 arccos("/ 0) is the phase shift in the QP wave func-
tion associated with an AR [22]. The spin-mixing angle
given by # = #"   ## is the di↵erence between acquired
phases of the up-spin and down-spin QPs upon reflection
from the FI. Evidently, for certain energies Re[g"#] dis-
plays a resonant behavior, marking poles of the scattering
amplitudes [22]. The resonant energy levels correspond
to ABS energies "A that are determined by
cos (4dN"A/⇠0 0 + 2✓A) = cos# . (3)
The number of the bound states and their spectral reso-
lution can be controlled by the normal layer’s thickness
and the exchange interaction of the FI, e.g., see Fig. 4(a).
When dN ! 0, Eq.(3) can be reduced to the well known
result [5, 9] for ABSs with magnetically active interfaces,
"A/ 0 = ± cos#/2. For a bulk S where dS   ⇠0, fol-
lowing Eq.(2), the spin transport is suppressed. There-
fore, only at dS ⇠ ⇠0 the resonant ABSs establish highly
transmitting transport channels for the spin flow, which
dwindle for either a bulk or no S layer (dS ! 0), see Fig.
4(b). This reveals the underlying physics responsible for
the e↵ective spin-mixing conductance enhancement ob-
served for subgap temperatures in Fig. 2.
Here, we highlight the fact that Eq.(3) is a condi-
tion for a constructive quantum interference in a Row-
ell–McMillan process [10] for the QPs, that is, four times
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Combining an s-wave superconducting order, favoring
electrons to form a singlet state, with a ferromagnetic
order, favoring spin alignment, leads to a powerful en-
hancement or reduction of angular momentum transfer
in spintronic devices [1]. This happens through various
processes such as the formation of Andreev bound states
(ABSs) [2–9], the generation of spin-triplet pairing [10–
15], and crossed Andreev reflections (CARs) [16]. In this
Letter, we present an experimentally feasible structure
manifesting spin current enhancement due to resonant
ABSs. We argue that the ABS resonances studied here
may be responsible for the magnetic damping increase
in a superconducting hybrid multilayer reported in Ref.
[17]
Time-dependent ferromagnetic magnetization, when it
is driven by an external rf field, generates spin pumping–
a spin angular momentum flow–into adjacent materials
that dissipates the energy of the ferromagnet [18]. Insert-
ing a thick superconductor (S) in between, however, can
suppress spin pumping due to the superconducting gap
opening for quasiparticles (QPs). Consequently, in spin
transport studies with a bulk S, it is common to have
bias voltages o i ject QPs with en rgies above the gap
[19]. Generically, for a thick superconducting layer, it is
expected at at low temperatures spin current relies on
a spin-polarized (triplet Cooper pairing) supercurrent in-
duced at highly spin-active regions or complex magnetic
multilayers [20]. For a thin S layer (thickness⇠coherence
length), on the other hand, subgap currents can be car-
ried via vanescent QPs tunneling through the S layer.
In this work, we study a hybrid structure consisting of
a thin S layer in proximity to a driven ferromagnetic in-
ulator (FI) separated by normal metal r gion (N). To
collect the spin current we have placed a spin reservoir
Nr, c prising an Nr|S|N|FI structure, see Fig. 1. In or-
der to establish the pumped spin current in the presence
of superconducting and dynamic ferromagnetic orders,
we solv a time-dependent scattering problem [21, 22],
which accounts for the relevant processes such as AR,
CAR, ABS, and dynamic triplet-paring generation. For
subgap energies, the full scattering matrix develops peak
S
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FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
structures marking resonant bound states (ABSs), which
engender highly transmitting subgap transport channels
for the spin flow. Due to a resonant enhancement of spin
flow for certain energies, as we will discuss, our setup can
be considered a prototype Fabry-Pe´rot resonator for the
spin pumping.
The spin pumping generated by the variations in the
magnetization direction m(t), assuming no voltage bias,
is given by Is(t) =
1
4⇡g
"#
e↵m⇥@tm [13, 21, 23], where the
e↵ective spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
The quantity Re
⇥
g"#
⇤
refers to the real part of the spin-
mixing conductance g"# = Tr
⇥
1 r"eer⇤#ee+r#"her⇤"#he
⇤
, where
r ee and r
   
he (  2 {", #}) represent the electron-to-
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FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
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FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). T investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
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1  "eer⇤#ee + r#"he ⇤"#he
⇤
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   
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The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity o the magnetically pu ped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provid highly tra sm tting trans-
port channels for spin u ping. H e, for xampl , we show
four resonant channels by two ositive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
structures markin resonant bound states (ABSs), which
engender highly transmitti g subg p transport cha nels
for the s in flow. D e to a resonant enhancement of spin
flow for certain e ergies, as we will discuss, our setup can
be co sidered a prototype Fabry-P´rot resonator for th
spin pumpi g.
T e spin pumping generated by the variati ns in the
magnetization direction m(t), assuming no voltage bias,
is given by Is(t) =
1
4⇡g
"#
e↵m⇥@tm [13, 21, 23], where the
e↵ective spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
The quantity x, y, z Re
⇥
g"#
⇤
refers to the real part of the
spin-mixing conduc nce g"# = Tr
⇥
1  r"eer⇤#ee + r#"her⇤"#he
⇤
,
w re r e and r
   
he (  2 {", #}) rese t th lectron-
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THEORY OF A SPIN-DEPENDENT
SCATTERING WITH SUPERCONDUCTOR
In the following, we study a time-dependent scatter-
ing in ballistic regime for a Nr|S|N |FI hybrid structure,
see Fig.1. Our scattering process is carried out by spin-
ful QPs, i.e., electrons and holes, whose amplitudes are
given by the complex numbers c±e,h. The superscript ±
sign indicates the direction of the group velocity (normal
co ponent) given by ±⇣e,hxˆ, for which we have defined
⇣e = +1, and ⇣h =  1. In the absence of magnetic in-
homogeneity and spin-orbit int action, the spin is con-
serv d along magn tization m.
It is customary that at the int rfaces, generic bound-
ary conditions pertinent to interface scattering and dis-
order can be taken into account by an insertion of a per-
fect spacer N betw en adjacent materi ls[1, 2]. This way,
the full scattering proc ss is broken down into studying
Nr|S|N , and N |FI structures separately. We bear in
mind that propagation through the N layer mixes n i-
ther particle-hole nor spin degrees of freedo . For the
Nr|S|N structure, following BTK[3], we assume a uni-
form superconducting pair-potential   inside the S layer
that vanishes in the N layers. This way the scattering
process takes place only at the interfaces, which essen-
tially contains QPs propagating into the S and And eev
retro-reflections. I a more ali tic (dirty) normal metal-
S interface, h wever, there is a possibility of a specular
reflect on for lectrons and holes. H nce, to model par-
tially reflective i erface , we have ncorporat d barrier
pote tials in the for of Z1~vF  (x), and Z2~vF  (x dS)
whose strengt are parametrized by Z1, Z2, (vF is the
Fermi velocity).
Initially, we assume no ba rier p ten i l a d study
a s ngle-chann l scatteri g in a 1D wir . Physically, this
can be justified by imposing a constriction, that is, trans-
verse thickness of th N layers to be on the order of a
F rmi wavelength[1]. Later on, we ll relax these condi-
tions by considering a 3D geometry with p rtially reflec-
tive 2D i terfaces (Z1, Z2 6= 0), for which we integrate
out all transverse modes.
A snapsho configuration scattering process
A co p rison betwe n a ypical FI precession period
⇠ 10 10 s (FMR period) with the time scales of elec-
tron and hole dy amics, (dS + dN )/vF ⌧ 10 10 s, re-
veals that the magnetization dynamics can be taken as
a adiabatic volution during the scattering process. Ini-
!"#!"$!%$!%#
S
m(t)
dS 		
x
z
!"#!"$!%$!%#ke,h  
k∥
FI
N
Nr 		 dN		
() (*
FIG. 1. A snapshot co figuratio for magnetization m(t) in
an Nr|S|N |FI structure with incomi g and outgoing modes
(black and red, respectively). The propagation direction for
electrons and holes with scattering amplitudes c±e , c
±
h is given
by ±xˆ for electrons, and ⌥xˆ for holes. The shaded slabs at
x = 0 and dS represent barrier potentials whose strengths are
parametrized by Z1 and Z2. The incident QPs’ wave vector
is given by (ke,h, kk).
tially, this reduces the problem to a time-independent
pr cess carried out with a snapshot configuration for the
magnetization. One can generalize[? ] to incorporate
magnetization precession dynamics with a simple SU(2)
rotation to the rotating frame of m(t). Including the
precessional motion of the magnetization, which is rotat-
ing around z-axism(t) =
 
sin ✓ cos!t, sin ✓ sin!t, cos ✓
 
,
can be accomplished by a spinor rotation[? ] s S(", t) =
U†(t)S(")U(t). The time-dependent unitary rotation
U(t) is a transformation from the lab frame to rotating
frame of m, that is given by
U =
 
e
i✓
2  y 0
0 e
i✓
2  y
!✓
e
i!t
2  z 0
0 e 
i!t
2  z
◆
. (1)
The precessional angular speed is given by !.
To start, let us begin with the scatt ring p ocess in
Nr|S|N structure[4]. For a S with a thickness given by
dS , applying continuity conditions for wave function and
discontinuity of its derivative on the interfaces as well
as current continuity inside the S, we can relate the in-
coming modes
⇥
c+e (Nr), c
 
e (N), c
 
h (Nr), c
+
h (N)
⇤T
to the
outgoing modes
⇥
c e (Nr), c
+
e (N), c
+
h (Nr), c
 
h (N)
⇤T
in the
Nr|S|N structure (for details of this calculation see Ap-
pendix ??).
For the ormal metal N a width of dN , the electron
a d hole propagate thro gh and reflect back o↵ the FI
interface without mixing particle-hole and spin spaces.
FE
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We study spin pumping in a hybri superconductor|ferromagnetic-insulator structure. We show
that, at low bias a d below Tc, the tra sfer of sp n angular momentum pumped by an externally
driven ferromagnetic insulator is a↵ected by the formation of Andreev bound states. These bound
states capture the essential physics of condensate-facilitated spin flow. For finite thicknesses of the
superconducting layer, comparable to the coherence length, Andreev bound states are resonant and
dominate the subgap spin current, rendering a significant enhancement in spin current over a wide
range of pa amet rs. The reson nt enhancemen of the subgap ransport channels establishes a
prototype Fabry-Pe´rot resonator for spin pumping.
Combining an s-wave superconducting order, favoring
electrons to form a singlet state, with a ferromagnetic
order, favoring spin alignment, leads to a powerful en-
hancement or reduction of angular momentum transfer
in spintronic devices [1]. This happens through various
processes such as the formation of Andreev bound states
(ABSs) [2–9], the generation of spin-triplet pairing [10–
15], and crossed Andreev reflections (CARs) [16]. In this
Letter, we present an exp rimentally feasible structure
nifesting spin current enhancement due to reson nt
ABSs. We argue that the ABS resonances studi d ere
may be responsible for the magnetic damping incr ase
in a superconducting hybrid multilayer reported n Ref.
[17]
Time-dependent ferr magnetic magn tization, when it
is driven by an external rf field, generat s spin pumping–
a spin angular momentum flow–into adjace t materials
that dissipates the energy of the ferromagnet [18]. Insert-
ing a thick superconductor (S) in betw e , however, can
suppress spin pumping due to the superc nducting gap
opening for quasiparticles (QPs). Consequently, i spin
trans rt studies with a bulk S, it is common t have
bia volt ges to ject QPs with nergi s above the gap
[19]. Generically, for a thick super o ducting layer, it is
expected that at low tempe atures spin cu rent rel es on
a spin-polarized (triplet Cooper pairing) supercurrent in-
duced at highly spin-active regions or compl x netic
multilayers [20]. For a hin S layer (t ickness⇠coher nce
length), on the other nd, subgap curr nts can b car-
ried via evanescent QP tunn ling through the S layer.
I this work, e study a hybrid structure consisting of
a thin S lay r in proximi y to a driven ferromagnetic in-
sulator (FI) separated by a normal metal region (N). To
collect the spin current we have placed a spin reservoir
Nr, comprisi g an Nr|S|N|FI structure, see Fig. 1. In or-
der to establish t e pumped spin current in the presence
of superconducting and dynamic fe romagnetic orders,
we solve a time-dependent scattering problem [21, 22],
which acc un s for th relevant processes such as AR,
CAR ABS, n dynamic tripl t-pa ing g neration. For
subgap energies, the full scattering matrix develops peak
S
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FIG 1. Schematic sk tch for an Nr|S|N| hybrid structure.
The FI region with recessing magnetizationm(t) injects spin
angular momentum that is carri d by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on th mag etically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite ickn sses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resona t channels by two positive-energy ABSs. The
energies are measur d w th respect to t Fermi energy EF
picted in the middle.
structures marking resonant bound states (ABSs), which
engender hi hly transmitting subgap transport channels
for the spin flow. D to res n nt enhancement of spin
flow for certain energies, as we ill discuss, our setup can
be co sidered a prototype Fabry-Pe´rot resonator for the
spin pumping.
The spin pumping generated by the variations in the
magnetization direction m(t), assuming no voltage bi s,
is given by Is(t) =
1
4⇡g
"#
e↵m⇥@tm [13, 21, 23], where the
e↵ective spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
The quantity Re
⇥
g"#
⇤
refers to the real part of the spin-
mixing conductance g"# = Tr
⇥
1 r"eer⇤#ee+r#"her⇤"#he
⇤
, where
r ee and r
   
he (  2 {", #}) represent the electron-to-
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We study spin pumping in a hybrid superconductor|ferromagnetic-insulator structure. We show
that, at low bias and below Tc, the transfer of spin angular momentum pumped by an externally
driven fer magnetic insul tor is a↵ected by the formation of Andreev bound states. These bound
states capture the es entia physics of condensate-facilitated spin flow. For finite thicknesses of the
superconducting layer, comparable to the coherence length, Andreev bound states are resonant and
dominate the subgap spin current, rendering a significant enhancement in spin current over a wide
rang of parameters. The resonant enhancement of the subgap transport channels establishes a
prototype Fabry-Pe´rot resonator for spin pumping.
Combini g an s-wav superconducting order, favoring
electrons to form a si glet state, wi h a ferromagnetic
order, favoring spin alignment, leads to a powerful en-
hancement or reduction of angular momentum transfer
in spintronic devices ]. This happens through various
processes such as the formation of Andreev bound states
(ABS ) [2–9], the generation of spin-triplet pairing [10–
15], and cro sed Andr ev eflections (CARs) [16]. In this
Letter, we present an experimentally feasible structure
manifesting spin cur nt enhancement due to resonant
ABSs. We arg e that the ABS resonanc s s udied here
may be r sponsible for the magnetic damping increase
in a super onducting hybrid multilayer reported in Ref.
[17]
Time- ep dent ferromagnetic gnetization, when it
is d iven by an exter al rf field, generates spin pumping–
a spin angular momentum flow–into adjacent materials
t at dissipates the energy of the ferromagnet [18]. Insert-
ing a thick superco ductor (S) i between, however, ca
suppre s pin umping due to the superconducting gap
op i fo q asiparticles (QPs). Consequently, in spin
transport studies with a bulk S, it is common to have
bias v ltages to inje t QPs with e ergies above th gap
[19]. Gen rically, f r a thick superconducting layer, it is
expected h at l w t mperature spin current reli s
a spi -p l rized (tripl t Cooper airing) supercurrent in-
duc d at ighly spin-active reg ons or compl x magnetic
ul ilayers [20]. For thin S l yer (thickness⇠coherence
len th), on the other hand, s bgap currents can be car-
ried via eva escent QPs tunn ling through the S layer.
In this work, we tudy a hybrid structure consisting of
a thi S l yer i proxim ty to a driven ferro ag eti i -
s lator (FI) s parated by a normal metal region (N). To
collect the spin cu rent we have placed a spin res rvoir
Nr, comprising an Nr|S|N|FI structure, see Fig. 1. In or-
der to establish the pumped spin current in the presence
of superconducting and dynamic ferromagnetic orders,
we solve a time-dependent scattering problem [21, 22],
which accounts f r th relevant processes such as AR,
CAR, ABS, and dynamic triplet-paring generation. For
subgap energies, the full scattering matrix develops peak
S
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FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
d ctivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
structures marking resona t bound states (ABSs), which
engender highly transmitting subgap transport channels
for the spin flow. Due to a resonant enhancement of spin
flow for certain energies, as we will discuss, our setup can
be considered a prototype Fabry-Pe´rot resonator for the
spin pumpi g.
The spin pumping generated by the variations in the
magnetization directi n m(t), assuming no voltage bias,
is given by Is(t) =
1
4⇡g
"#
e↵m⇥@tm [13, 21, 23], where the
e↵ective spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
The quantity Re
⇥
g"#
⇤
refers to the real part of the spin-
mixing conductance g"# = Tr
⇥
1 r"eer⇤#ee+r#"her⇤"#he
⇤
, where
r ee and r
   
he (  2 {", #}) represent the electron-to-
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dr ven fe ro ag tic insulator is a↵ected by the formation of Andreev bound states. These bound
states capture the essential physics of ndensate-facilitated spin flow. For finite thicknesses of the
superconducting layer, comparable to th coherence length, Andreev bound states are resonant and
d mi at the subgap spin current, re dering a sig ificant enhancement in spin current over a wide
range of parameters. The res nant enh ncement of the subgap transpo t channels establishes a
prot typ Fabry-Pe´rot resonator for spin pumpi g.
C mbining n s-wave superconducting order, favoring
electrons to form a singlet state, with a ferromagnetic
o der, favoring spin alignment, leads to a pow rful n-
hancement or red cti of angular mome tum transfer
i spi tronic d vice [ ]. This appens thr ugh various
processes such as the forma of Andreev bound sta s
( BSs) [2–9], the gene ation of spin-triple pairing [10–
15], and cross d Andre v fl c io s (CARs) [16]. In this
Let er, w prese t an xpe imentally feasible tructure
manifesting spin curr nt enhanceme t due to resonant
ABSs. W ar u that e ABS reso ances studie here
may be responsible for the magnetic da ping increase
in a superconducting hybrid multilay r reported in Ref.
[17]
Time-dependent ferromagnetic magn tization, wh n i
is driven by an ex er al rf field, generate spin pump ng–
a spin angular mentum flow– o a jacent materials
that dissipates the energy of the ferromagnet [18]. Insert-
ng a thick superc ducto (S) in between, however, can
suppress spin pumpi g due to the superconducting g p
openin for quasiparticle (QPs). C nsequen ly, i spi
transport st dies with a bulk S, it is co mon to hav
bias voltages to i j ct QPs with ener ies b ve the p
[19]. Generically, for a thi k sup rco d ct g layer, it is
expected that at low temper tur s spi urrent relies o
a spin-polarized (triplet Cooper pairing) supercurren in-
duced at highly spin-active regions or complex magnetic
multilayers [20]. For a hin S lay r (thickness⇠coherence
length), on the o her and, ub ap currents can be car-
ried via evanescent QPs un el g through the S layer.
In this work, we study a hybrid structure consis ing of
a hin S layer i pr ximity to a d iven ferromagnetic in-
sulator (FI) eparated by a normal metal region (N). T
collect the spin current we have place a spin reservoi
Nr, comprising an Nr|S|N|FI structure, see Fig. 1. In or-
de o establish the pump d spin current in the presence
o supe conducti g d dynamic ferromagnetic orders,
we solve time-depen nt scattering problem [21, 22],
which accounts for the relevant processes such as AR,
CAR, ABS, an dyn mic triplet-paring generation. For
subgap energies, the full scattering matrix develops peak
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FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI regi n with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity o the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
fi ite thicknesses of th S and N layers (dS , dN ⇠ coherence
l gth) th resonant ABSs provide highly transmitting trans-
po han els for spin pumping. Here, for example, we show
four resona t channels by two positive-energy ABSs. The
energi s are measured with respect to the Fermi energy EF
depicted in the middle.
structures marking reson nt bound states (ABSs), which
engender highly transmitting subgap transport channels
for the spin flow. Due to a resonant enhancement f spin
flow for certain energies, as we will discuss, our setup can
be co sidered a prototype Fabry-Pe´rot resonator for the
spin pumping.
The spin umping generated by the variations in the
m gnetization direct on m(t), assuming no voltage bi s,
is giv n by Is(t) =
1
4⇡g
"#
e↵m⇥@ m [13, 21, 23], where the
e↵ ctive spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
Th quantity Re
⇥
g"#
⇤
refers to the real art of the spin-
mixing conductance g"# = Tr
⇥
1 r"eer⇤#ee+r#"her⇤"#he
⇤
, where
r ee and r
   
he (  2 {", #}) represent the electron-to-
FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentu that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the effect f uper on-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for the incident and reflected QPs.
For finite thicknesses of the S and N layers (dS , dN ∼ coher-
ence length) the resonant ABSs provide highly transmitting
transport channels for spin pumping. Here, for example, we
show four resonant channels with two positive-energy ABSs.
The energies are measured with respect to the Fermi energy
EF depicted in the middle.
an Nr|S|N|FI structure, see Fig. 1.
Spin-resolved ABS.—We will determine the subgap
spin-resolved ABSs by studying the resonant conditions
for the spin transport in an Nr|S|N|FI hybrid structure.
In order to establish the pumped spin current in the
presence of superconducting and dynamic ferromagnetic
orders, we solve a time-dependent scattering problem
[14, 15], which accounts for the relevant processes such
as Andreev reflection (AR), ABS, and a dynamic triplet-
paring generation. For subgap energies, the full scat-
tering matrix develops peak structures marking resonant
bound states [16] (ABSs), which result in highly trans-
mitting subgap transport channels for the spin flow.
We proceed with establishing notations and key fea-
tures of the scattering that is used throughout this Let-
ter. The incident QPs from the reservoir onto the Nr|S
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electron (hole) to an out-going hole (electron) i.e., CAR.
Nevertheless, for an incident electron c+e (Nr), compari-
son between CAR, ET, and AR in the scattering process
shows that contribution from CAR is negligibly smaller
than ET and AR, that is,
|c h (N)/c+h (Nr)| , |c h (N)/c+e (N)|⌧ 1. (2)
After tunneling through the S region, a single-particle
mode in the N layer goes through a series of reflections
depicted in Fig.9. Constructive interference can occur
only if after two round-trips the collected phase is an
integer multiples of 2⇡, i.e.,
r e r
  
h e
i2✓A = ei2n⇡ , n = 0,±1,±2, · · · , (3)
where rA ⌘ ei✓A . In other words, quantum interference
of multiple Andreev reflections, forms a bound state of
electron and hole known as ABSs. These bound states
lead to a singular behavior in the scattering matrix at
finite thickness of the S layer (dS   2⇠) that can be
observed in spin-mixing conductance:
Re[g"#] ⇡ exp[ 4
p
1  "2/ 20 dS/⇠0]
(cos (4dN"/⇠0 0 + 2✓A)  cos#)2 , dS   ⇠0.
(4)
Evidently, the ABS condition in Eq.(3) leads to vanishing
denominator:
cos (4dN"A/⇠0 0 + 2✓A) = cos# , (5)
where "A is the ABS energy level. For dN ! 0, this
reduces to the well known result[6, 10] of "A/ 0 =
± cos#/2 for ABSs with magnetically active interfaces.
It is important to note that for dS < ⇠0 due to several
tunnelling processes across the S layer (“leaking”), the
ABSs are not resonant energy levels, see Fig.6. However,
at the intermediate distances dS ⇠ 2⇠0, ABS energy levels
are resonant and for a bulk S, dS   ⇠0, they are expo-
nentially suppressed. Consequently, we conclude that at
dS ⇠ 2⇠0 the resonant ABSs provide highly transmitting
sub-gap transport channels.
Now, electrons with energy EF + "A =
~2k2e
2m escaping
the N layer can either tunnel through the S layer or form
Cooper pairs inside the S layer. For the latter case, uti-
lizing a heuristic argument[1, 11, 24] one can obtain the
Cooper pair with zero net momentum and spin, which
contains spin-dependent phases, as follows:
ei# |"#i   e i# |#"i , (6)
where the angle #, known as the spin-mixing angle, is
defined as # ⇠ #"   ##. As it can be checked directly,
the transformed Cooper pair contains a triplet pairing
component with an amplitude determined by #.
We conclude that, the physics of spin current enhance-
ment a↵ected by the resonant ABSs, is an interplay of
quasiparticles and Cooper pairs with an induced triplet
component.
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FIG. 4. Profile of Re[g"#] represents peak structure in An-
dreev bound-state’s energy levels. Here Green, orange, and
black plots, respectively, correspond to dS/⇠0 = 1.2, 1.5, 2.
For finite thicknesses of the S, the subgap bound states with
discrete energy levels are formed that establish highly trans-
mitive transport channels as dS increases and then ultimately
vanish for the bulk S, purple plot dS/⇠0 = 60.
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FIG. 5. The gap between ABS can be controlled by ex. Here
dS = dN = ⇠0.
Reflective interfaces and 3D geometry
A small non-zero interface potential barrier at x = 0
(Z1 6= 0), as shown in Fig.7, leads to quantum inter-
ference at the Fermi wavelength scale, nonetheless, the
overall enhancement behavior persists. In contrast, no
interference pattern is observed for a potential barrier
at x = dS (Z2 6= 0). This is due a the fact that in
this case superposed waves near x = dS both travel the
S layer, thus resulting in a dS-independent interference.
For strong barrier potential, however, the interfaces are
highly reflective and electrons experience multiple reflec-
tions form the FI and the barrier potential that e↵ec-
tively can be interpreted as an increase in dS . This can
4
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FINS
FIG. 4. Multiple specular and Andreev reflections take place
in the normal metal region. A constructive quantum inter-
ference after two round trips leads to formation of the ABSs.
The QPs entered into the S layer either form a Cooper pair
or tunnel through the S layer.
In short, the scattering matrix displaying all the non-zero
elements, can be written as following
r(") =
0BBB@
r"ee(") 0 0 r
"#
eh(")
0 r#ee(") r
#"
eh(") 0
0 r"#he(") r
"
hh(") 0
r#"he(") 0 0 r
#
hh(")
1CCCA . (22)
3D geometry.—Due to translation symmetry on the in-
terfaces, the full 3D scattering problem can be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
incident particles with ABS energy levels irrespective of
their incident angle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with resonant energies "A can escape the normal re-
gion either by tunneling through the S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
current, we would Here, we utilize a heuristic argume t
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tunnelling through the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latter case, one can obtain the Cooper pai contai ing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
hancement a↵ected by the resonant ABSs, is an inter-
play of QPs and Cooper pairs with an induced triplet
component. |r1A 0|, dS/⇠0, dN/⇠0, " 0 , g
"#
↵/L
2,T = 0.4Tc
dN = 4⇠0  ex/EF
r1A =
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3D geometry.—Due to translation symmetry on the in-
terfaces, the full 3D scattering problem can be inferred
from our scattering matrix by the following transfo ma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
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to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
incident particles with ABS energy levels irrespective of
their incident angle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
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AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
current, we would Here, we utilize a heuristic argument
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tunnelling through the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latter case, one can obtain the Cooper pair containing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
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in the normal metal region. A constructive quantum inter-
ference after two round trips leads to formation of the ABSs.
The QPs entered into the S layer either form a Cooper pair
or tunnel through the S layer.
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3D geometry.—Due to translation symmetry on the in-
terfaces, the full 3D scattering problem can be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
incident particles with ABS energy levels irrespective of
their incident angle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with resonant energies "A can escape the normal re-
gion either by tunneling through the S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
current, we would Here, we utilize a heuristic argument
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
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FIG. 2. (a) Assuming a fixed normal layer thickness (dN =
ξ0), t e spectral overlap of the spin-split Andreev levels can
be modified by ∆ex. Here we have dS = 1.5ξ0 and dN = ξ0.
(b) Profile of Re[g↑↓] represents peak structure manifesting
two ABS levels for dN = ξ0 and ∆ex = 0.4EF . At the finite
thicknesses of the S dS ≥ ξ0 the resonant ABSs with dis-
crete energy levels are formed to establish highly transmitive
transport channels (Re[g↑↓] ∼ 1).
interface can either transmit across the S or retroreflect
as the quasiholes back into the reservoir, a process known
as AR. For a QP with energy ε the AR amplitude is given
by
r∞A =
{
e−i arccos (ε/∆), |ε| < ∆,
ε−ε
√
1−∆2/ε2
∆ , |ε| > ∆,
(1)
where ∆ is the superconducting pair-potential [2]. The
AR amplitude given in Eq. (1), by focusing on the in-
terface, assumes a bulk S (a thick S layer) [14]. A high
probability of QP transmission for the thin S reduces the
AR amplitude (we shall address this in Eq. (5)). The
transmitted QPs with spin σ ∈ {↑, ↓} propagate through
the N layer and acquire a spin-dependent phase eiϑσ upon
reflection from the N|FI interface. We point out that the
FI region is considered an exchange-splitting insulator for
the QPs [18] that causes the full scattering matrix to be
merely a reflection matrix. In addition, the full reflec-
tion matrix is block diagonal in the spin space due to
the conservation of the QP spin during each individual
scattering event at the interfaces. Consequently, multiple
ARs at the N|S along with spin-dependent reflections at
the N|FI interfaces constitute the full scattering matrix.
The spin-active interface N|FI, upon reflection, rotates
the QP spin around the FI magnetization axis, which
in turn for a driven magnetization leads to generation
of a non-equilibrium spin current detected in Nr [19].
The conductance determining the transport of this spin
current, known as the mixing conductance g↑↓, is given
by
g↑↓ = Tr
[
1− r↑eer∗↓ee + r↓↑her∗↑↓he
]
, (2)
where rσee and r
σ−σ
he represent the total electron-to-
electron a d electro -to-hole reflection amplitudes in the
S|N|FI hybrid structure, respectively [13, 15]. The reflec-
tion amplitudes are written in the basis where the pi
quantization axis is parallel up to the magnetization in
the FI and the trace is over all the transverse modes.
(The exact expressions for the reflection amplitudes can
be found in the Supplemental Material [14]).
Generically, the mixing conductance given in Eq. (2)
is a complex number whose real part governs the spin
pumping current [15]. After a straightforward calculation
three distinct regimes are recognized for subgap energies:
Re[g↑↓] ≈

1− cosϑ dS  ξ0
γ2
γ2+β2 dS ∼ ξ0
0 dS  ξ0
, (3)
where γ = exp[−2
√
1− ε2/∆20 dS/ξ0], β =[
cos (4dNε/ξ0∆0 + 2θA) − cosϑ
]
/4 sinϑ sin2 θA, and
θA ≡ − arccos (ε/∆0). The mixing angle defined as
ϑ ≡ ϑ↑ − ϑ↓ is controlled by th FI exchange interactio
for a given QP energy ε. Here, ∆0 and ξ0 are the
supercondu ting gap and coherence length at zero
temperature, respectively. Evidently, Re[g↑↓] displays
a resonant behavior associated with the intermediate S
thickn ss whose energy vels correspond to the ABS
energies εA determined by β = 0:
4dNεA/ξ0∆0 + 2θA ≡ ±ϑ (mod 2pi). (4)
When the exchange interaction is absent, that is, ϑ = 0,
Eq. (4) yields a pair of solutions (−εA, εA), which is a di-
rect consequence of the particle-hole symmetry imposed
on the scattering formalism [14]. A non-zero mixing an-
gle ϑ, on the other hand, by lifting the spin degeneracy
of each level results in the spin-resolved ABSs with the
following energies (−ε±A, ε±A). As an outcome, the spec-
tral overlap of the spin-split bound states can be con-
trolled by the exchange interaction of the FI, e.g., see
Fig. 2(a). One can discern that when dN → 0 Eq. (4)
can be reduced to the well known result [20] for ABSs
with magnetically active interfaces, εA/∆0 = ± cosϑ/2.
Hereinafter, in counting the number of the independent
solutions for Eq. (4) we will only consider the positive en-
ergy ABSs. We emphasize that, following Eq. (3), only
at dS ∼ ξ0 the resonant ABSs establish highly transmit-
ting transport channels for the spin flow, which dwindle
for either a bulk or no S layer, see Fig. 2(b). This is one
of the main results of this Letter.
We highlight the fact that Eq. (4) is a condition for a
constructive quantum interference in a RowellMcMillan
process [11] for the QPs, that is, four times crossing N
with two Andreev conversions as well as two reflections
from FI, once as electron and once as hole. It is clear
that a constructive interference for QPs inside the normal
layer remains intact as long as the probability of the AR
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FIG. 4. The inset shows e↵ective spin-mixing conductance in
the x-direction per unit area L2 (3D geometry).
Using FI interface reflection coe cients in Eq. (2), one
can obtain the full scattering matrix for the Nr|S|N |FI
structure:
s(") =
✓
r ee r
   
eh
r   he r
  
hh
◆
, (24)
where its elements are given by
r ee =
2 
⌘
r e , (25)
r  hh =
 2 
⌘
r  h ,
r   eh =
rA(1   )
⌘
h
1  r2A    (r2A    )r e r  h
i
.
Due to translation symmetry on the interfaces, the full
3D scattering problem can be inferred from our scattering
matrix by the following transformation EF ! EF   Ek,
where Ek refers to the energy associted with the trans-
fer modes. Now, for a given incident particle energy
EF Ek+", we will sum over all Ek to obtain net 1D spin
current per unit area. For sub-gap energies, the spin-
mixing conductance has negligible values except when
Eq.(??) is satisfied. Therefore, integrating over all the
energy values in spin current, only selects incident parti-
cles with ABS energy levels irrespective of their incident
angle. This way, enhancement mechanisms are preserved
as shown in the inset plot in Fig.4.
The QPs with resonant energies "A can escape the
normal region either by tunneling through the S layer
or forming a Cooper pair inside the S layer. A time-
dependent scattering resulting in an enhancement of spin
pumping accounts for all the relevant mechanisms present
in a superconductor-ferromagnet hybrid structure such
as AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order[? ].
Nevertheless, Before embarking to the analysis of the
spin current, we would Here, we utilize a heuristic ar-
gument to describe generation of triplet pairing in our
setup. For finite thicknesses of the S layer, dS ⇠ ⇠0, QPs
with the resonant energy "A <  0 can escape the N
layer either by tunnelling through the S layer or forming
Cooper pairs inside the S layer (s-wave pairing order for
electrons). For the latter case, one can obtain the Cooper
pair containing spin-dependent phases[5? ? ] as follows:
ei↵ |"#i   e i↵ |#"i , (26)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current[? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
hancement a↵ected by the resonant ABSs, is an interplay
of QPs and Cooper pairs with an induced triplet compo-
nent. |r0A|
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FIG. 3. Geometric resonances of Re[g↑↓]. The Fabry-Pe´rot
oscillations happen when the corresponding AR probability
|rA| is nonzero (the inset plot shows the probability of AR
vs energy). For ε < ∆0 these oscillations are resonant and
their peak energies are manifesting 7 ABSs. Right above the
gap, a similar highly trasmittive peak structure lingers, which
diminishes with the increase of ε. For a fixed ∆ex, the Fabry-
Pe´rot oscillations are determined by dN that for ε > ∆0 get
modulated with a frequency determined by dS (i.e., energies
for which |rA| = 0). Here, we have adopted the following
parameters: dS = ξ0, dN = 10ξ0, and ∆ex = 0.2EF .
and dN are nonzero. This captures the essential physics
of a two-mirror Fabry-Pe´rot resonator with a resonator
length 2dN , which we shall describe now. The N|FI and
S|N interfaces operate as “mirrors” for the QPs that give
rise, respectively, to a spin-dependent specular reflection
(a spin-dependent mirror) and a phase-conjugating mir-
ror, which retroreflects electrons with energy EF + εA as
holes with energy EF − εA [21]. The resonant enhance-
ment of a Fabry-Pe´rot device occurs when its mirrors
have a near unity reflection probability [22]. Here, the
N|FI interface reflects all the incident QPs with prob-
ability one, while retroreflection probability of the S|N
interface, on the other hand, is determined by the AR
probability. Therefore, the Fabry-Pe´rot enhancement is
in accordance with the AR amplitude, which for an S
with a thickness dS [14] is given by
rA =
(1− γ)r∞A
1− γ(r∞A )2
. (5)
For subgap energies, in the limiting case of dS > ξ0, we
get γ  1 or equivalently |rA| ≈ 1, for which the resonant
enhancement of a Fabry-Pe´rot device is expected. For en-
ergies above the gap, on the other hand, the AR reflection
amplitude decreases. This results in highly transmitive
channels near ε & ∆0, which rapidly decline for higher
energies, see Fig. 3.
The mixing conductance oscillation described here is
a result of the QP interference in the normal layer (a
RowellMcMillan resonance). In addition, above the gap a
prior quantum interference inside the S layer takes place.
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FIG. 4. The effective mixing conductance vs the S layer
thickness for various subgap temperatures exhibits an en-
hancement relative to the normal case at T ≈ Tc, i.e., the
black curve. As the S gap shrinks, with the increase of tem-
perature, the enhancement peak diminishes for higher tem-
peratures (near Tc), while its location creeps up to higher
dS . The inset illustrates the same curves, rescaled with the
temperature-dependent coherence length, ξ(T ) [18]. In this
case, the peak location takes place at dS ≈ 2ξ(T ). For the
above plots, we have used dN = 4ξ0 and ∆ex = 0.4EF .
An incident electron-like QP interferes with a hole-like
QP reflected from the other S|N interface, which leads to
|rA| = 0. The process known as Tomasch resonance [23]
occurs for QP energies εn/∆0 =
√
1 + (npiξ0/2dS)2 with
integer n, which modulates the amplitude for the Fabry-
Pe´rot oscillations. The RowellMcMillan and Tomasch
based geometric resonances of Re[g↑↓] are shown in Fig. 3.
Spin pumping enhancement.—The spin pumping is
generated by the variations in the magnetization direc-
tion m(t) [3, 9, 24]. For sufficiently slow variations, to the
first order in the pumping parameter frequency |m(t)|,
the spin pumping can be written in terms of the instan-
taneous mixing conductance in the magnetization coor-
dinate system, that is, Eq. (2). Consequently, the spin
pumping current, assuming no voltage bias [15], is given
by
Is(t) =
1
4pi
g↑↓effm× ∂tm , (6)
where the effective mixing conductance is defined as fol-
lows:
g↑↓eff ≡
∫ ∞
−∞
dε ∂εf(ε) Re
[
g↑↓
]
. (7)
Here, f(ε) = (1 + eε/kBT )−1 is the Fermi-Dirac distribu-
tion for a QP with energy ε and in order to properly take
into account the temperature dependence of the S order,
we have considered a temperature dependent S gap ∆(T )
[18].
In accordance with Eq. (6), the spin pumping current
in the direction of m × ∂tm is simply determined by
40 1 2 3 4 5
0.0
0.2
0.4
0.6
0.8
0 1 2 3 4 5
0.0
0.1
0.2
0.3
0.4
0.5
FIG. 5. Enhancement of the effective mixing conductance as
a function of ∆ex is optimal for ∆ex < EF . Here we have
T = 0.4Tc and dN = 4ξ0. For ∆ex = 0.4EF , the inset plot
shows that the enhancement feature persists for any normal
metal thickness dN ≥ ξ0.
g↑↓eff, which can be regarded as the mixing conductance
transformed into the temperature domain. The resultant
effective mixing conductance is plotted in Fig. 4. We
find that for subgap temperatures g↑↓eff shows a significant
enhancement at the finite thickness of the S layer, i.e.,
dS ≈ ξ0. As it can be seen in Fig. 4, the enhancement
is optimal at the midgap temperatures and diminishes
upon approaching the normal state regime at T ≈ Tc.
Assuming a fixed subgap temperature, e.g., T = 0.4Tc,
we find that the optimal enhancement happens for ∆ex <
EF and dN ≥ ξ0, see Fig. 5. The enhancement behavior
gradually ceases to exist for a narrower normal layer, i.e.,
dN < ξ0. This indicates that the insertion of a normal
metal layer not only provides a level of control but is a
necessary element for the enhancement of spin flow.
Before concluding this Letter, we explore the effect of
interface barrier potentials at the Nr|S and S|N interfaces
on the effective mixing conductance. The dimensionless
parameters Z1 and Z2 determine strength of the bar-
rier potentials given by Z1~vF δ(x) and Z2~vF δ(x− dS),
where vF is the Fermi velocity and δ(x) is the Dirac delta
function. Assuming a weak barrier potential, the over-
all enhancement feature persists. However, for strong
barrier potentials the interfaces are highly reflective and
the effective mixing conductance decreases, see Fig. 6. A
quantum interference instigated by the partially reflec-
tive interface at x = 0 (Z1 6= 0) superimposes an oscil-
lation with the Fermi wavelength on the effective mixing
conductance. In accord with this description, no oscilla-
tion is observed for a barrier potential located at x = dS
(Z2 6= 0).
Conclusion and discussion.—We have shown that su-
perconductivity can enhance spin pumping due to the
formation of the resonant spin-resolved ABSs, which re-
sult in highly transmitting spin transport channels. For
finite thicknesses of the S layer, our setup operates as
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FIG. 6. The effective mixing conductance gets suppressed
with increasing barrier potentials strength (fading shade).
The red and oscillatory dark curves are associated with Z2
and Z1, respectively, which are plotted within the range
0 < Zi ≤ 1.6 with i = 1, 2. The dark solid curve corre-
sponds to Z1,2 = 0. We allow only one of Z1 or Z2 to be
nonzero, while a similar effect of oscillation is expected for
simultaneously considering both nonzero.
a Fabry-Pe´rot resonator for the spin pumping. On the
other hand, unfolding Nr|S|N|FI effectively maps our
setup to an Nr|S|F|S|Nr structure, where F stands for
a normal metal with a ferromagnetic order. For finite
thicknesses of the S part in the latter structure, an en-
hanced damping in the magnetization dynamics has been
reported in Ref. [4]. Furthermore, hybrid Josephson junc-
tions realizing ABSs with near unity transmission proba-
bility for charge transport have been proposed to coher-
ently manipulate quantum-information devices such as
Andreev-level qubit [25, 26]. From this standpoint, un-
folding our setup realizes a magnetically active Josephson
junction [7] with resonant transport channels, which in
turn, can provide a spintronic paradigm for a coherent
manipulation of quantum-information devices involving
spin-resolved ABSs.
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1Supplementary Material for “Superconductivity-enhanced spin pumping: The role of
Andreev bound-state resonances”
Mostafa Tanhayi Ahari, Yaroslav Tserkovnyak
Department of Physics and Astronomy, University of California, Los Angeles, California 90095, USA
In this supplementary material, we discuss a QP scattering formalism that takes into account a dynamic FI order
and superconducting pair-potential in an Nr|S|N|FI hybrid structure, see Fig. S1. We will derive analytical expressions
for the scattering amplitudes and elaborate on the dynamic generation of the triplet Cooper pairs in our setup.
Spin-dependnet scattering.—In the context of QP scattering in hybrid structures generic boundary conditions per-
tinent to interface scattering and disorder can be taken into account by an insertion of a perfect spacer N between
adjacent materials [1, 2]. As such, the full scattering process can be broken down into studying Nr|S|N, and N|FI
structures separately. We bear in mind that propagation through the N layer mixes neither particle-hole nor spin
degrees of freedom. For the Nr|S|N structure, following BTK [3], we assume a uniform superconducting pair-potential
∆ inside the S layer that vanishes in the N layers. This way the scattering process takes place only at the interfaces,
which essentially contains QPs propagating into the S and Andreev retroreflections. In a more realistic (dirty) normal
metal-S interface, however, there is a possibility of a specular reflection for electrons and holes. In order to the model
partially reflective interfaces, we have assumed a barrier potential in the form of V = Z1~vF δ(x) and Z2~vF δ(x−dS).
Initially, we study point contact scattering in a 1D wire. Physically, this can be justified by imposing a constriction,
that is, transverse thickness of the N layers to be on the order of a Fermi wavelength [1]. Later on, we will relax this
condition by considering a 3D geometry for which the incident QPs can have a transverse momentum component.
Let us construct a basis for the scattering. The scattering is carried out by spinful QPs, i.e., electrons and holes,
whose amplitudes are given by the complex numbers c±e,h. The superscript ± sign indicates the direction of the group
velocity (normal component) given by ±ζe,hxˆ, for which we have defined ζe = +1, and ζh = −1. We begin with the
BdG formalism that accounts for symmetries of the superconducting part for the electron and hole wave functions,
HBdGΨ = εΨ, with HBdG =
(
Hˆ0 ∆ˆ
∆ˆ† −Hˆ∗0
)
, (S1)
where Hˆ0 =
(
p2/2m+V −EF
)
is the single-electron Hamiltonian matrix and ∆ˆ = ∆ iσy, in which ∆ is a real-valued
pairing potential. The Pauli matrix σy is acting on the spin space {↑, ↓} of conduction electrons and holes. Above
eigenvalue equation admits the following basic electron and hole QP modes with spin σ:
Ψ±n,eσ =
(
χσ
A(ε)(−iσy)χσ
)
e±iqex eik‖·r‖ ,
Ψ±n,hσ =
(
A∗(−ε)(−iσy)χσ
χσ
)
e±iqhx eik‖·r‖ , (S2)
where χ↑ =
(
1
0
)
, χ↓ = (−iσy)χ↑, are two dimensional spinors, and we have defined
A(ε) ≡
{
e−i arccos (ε/∆), |ε| < ∆,
ε−ε
√
1−∆2/ε2
∆ , |ε| > ∆.
(S3)
Due to a translation symmetry on transverse direction (r‖) k‖ is a good quantum number and conserved during the
scattering. Owing to the S spectrum one has
qe,h =
√
2m
~2
√
EF + ζe,h
√
ε2 −∆2 . (S4)
The full energy of an incoming electron or hole in the normal layer is given by E = ~
2
2mk
2
e,h, where ke,h = qe,h(∆→ 0).
The conservation of the QP spin in the scattering leads to a full scattering matrix that is block diagonal in the spin
space. Whence, we can work with the following 2 dimensional eigenvectors,
Ψ±Sne =
(
1
A(ε)
)
e±iqexeik‖·r‖ ,
Ψ±Snh =
(
A(ε)
1
)
e±iqhxeik‖·r‖ . (S5)
2𝑐"#𝑐"$𝑐%$𝑐%#
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We study spin pumping in a hybrid superconductor|ferromagnetic-insulator structure. We show
that, at low bias and below Tc, the transfer of spin angular momentum pumped by an externally
driven ferromagnetic insulator is a↵ected by the formation of Andreev bound states. These bound
states capture the essential physics of condensate-facilitated spin flow. For finite thicknesses of the
superconducting layer, comparable to the coherence length, Andreev bound states are resonant and
dominate the subgap spin current, rendering a significant enhancement in spin current over a wide
range of parameters. The resonant enhancement of the subgap transport channels establishes a
prototype Fabry-Pe´rot resonator for spin pumping.
Combining an s-wave superconducting order, favoring
electrons to form a singlet state, with a ferromagnetic
order, favoring spin alignment, leads to a powerful en-
hancement or reduction of angular momentum transfer
in spintronic devices [1]. This happens through various
processes such as the formation of Andreev bound states
(ABSs) [2–9], the generation of spin-triplet pairing [10–
15], and crossed Andreev reflections (CARs) [16]. In this
Letter, we present an experimentally feasible structure
manifesting spin current enhancement due to resonant
ABSs. We argue that the ABS resonances studied here
may be responsible for the magnetic damping increase
in a superconducting hybrid multilayer reported in Ref.
[17]
Time-dependent ferromagnetic magnetization, when it
is driven by an external rf field, generates spin pumping–
a spin angular momentum flow–into adjacent materials
that dissipates the energy of the ferromagnet [18]. Insert-
ing a thick superconductor (S) in between, however, can
suppress spin pumping due to the superconducting gap
opening for quasiparticles (QPs). Consequently, in spin
transport studies with a bulk S, it is common to have
bias voltages to inject QPs with energies above the gap
[19]. Generically, for a thick superconducting layer, it is
expected that at low temperatures spin current relies on
a spin-polarized (triplet Cooper pairing) supercurrent in-
duced at highly spin-active regions or complex magnetic
multilayers [20]. For a thin S layer (thickness⇠coherence
length), on the other hand, subgap currents can be car-
ried via evanescent QPs tunneling through the S layer.
In this work, we study a hybrid structure consisting of
a thin S layer in proximity to a driven ferromagnetic in-
sulator (FI) separated by a normal metal region (N). To
collect the spin current we have placed a spin reservoir
Nr, comprising an Nr|S|N|FI structure, see Fig. 1. In or-
der to establish the pumped spin current in the presence
of superconducting and dynamic ferromagnetic orders,
we solve a time-dependent scattering problem [21, 22],
which accounts for the relevant processes such as AR,
CAR, ABS, and dynamic triplet-paring generation. For
subgap energies, the full scattering matrix develops peak
S
!(#)
FI
%&xz y
N' N
dS 		 dN 		
FIG. 1. Schematic sketch for an Nr|S|N|FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
structures marking resonant bound states (ABSs), which
engender highly transmitting subgap transport channels
for the spin flow. Due to a resonant enhancement of spin
flow for certain energies, as we will discuss, our setup can
be considered a prototype Fabry-Pe´rot resonator for the
spin pumping.
The spin pumping generated by the variations in the
magnetization direction m(t), assuming no voltage bias,
is given by Is(t) =
1
4⇡g
"#
e↵m⇥@tm [13, 21, 23], where the
e↵ective spin-mixing conductance is defined as follows,
g"#e↵ ⌘
Z 1
 1
d" @"f(") Re
⇥
g"#
⇤
. (1)
The quantity x, y, z Re
⇥
g"#
⇤
refers to the real part of the
spin-mixing conductance g"# = Tr
⇥
1  r"eer⇤#ee + r#"her⇤"#he
⇤
,
where r ee and r
   
he (  2 {", #}) represent the electron-
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angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
the scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
structures marking resonant bound states (ABSs), which
engender highly transmitting subgap transport channels
for the spin flow. Due to a resonant enhancement of spin
flow for certain energies, as we will discuss, our setup can
be considered a prototype Fabry-Pe´rot resonator for the
spin pumping.
The spin pumping generated by the variations in the
magnetization direction m(t), assuming no voltage bias,
is given by Is(t) =
1
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15], and crossed Andreev reflections (CARs) [16]. In this
Letter, we present an experimentally feasible structure
manifesting spi current enhancement due to resonant
ABSs. W argu t at the ABS resonances studied here
may be responsible for the magnetic damping increase
in a superconducting hybrid multilayer reported in Ref.
[17]
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expected that at low temperatures spin current relies on
a s in-polarized (triplet Coo er pairing) supercurrent in-
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ried via evanescent QP tunneling through the S layer.
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a thin S layer i proximity to a driven ferromagnetic in-
sulator (FI) separated by a normal metal region (N). To
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length) the resonant ABSs provide highly transmitting trans-
port channel f spin pumping. Here, for example, we show
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energies are measured with respect to the Fermi energy EF
depicted in the middle.
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FIG. 1. Schematic sketch for an Nr|S| |FI hybrid structure.
The FI region with precessing magnetizationm(t) injects spin
angular momentum that is carried by the QPs into the reser-
voir Nr (spin pumping). To investigate the e↵ect of supercon-
ductivity on the magnetically pumped spin flow, we utilize
he scattering formalism for incident and reflected QPs. For
finite thicknesses of the S and N layers (dS , dN ⇠ coherence
length) the resonant ABSs provide highly transmitting trans-
port channels for spin pumping. Here, for example, we show
four resonant channels by two positive-energy ABSs. The
energies are measured with respect to the Fermi energy EF
depicted in the middle.
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THEORY OF A SPIN-DEPENDENT
SCATTERING WITH SUPERCONDUCTOR
In the following, we study a time-dependent scatter-
ing in ballistic regime for a Nr|S|N |FI hybrid structur ,
see Fig.1. Our scattering process is carried out by spin-
ful QPs, i.e., electrons and holes, whose amplitudes are
given by the complex numbers c±e,h. The supers ript ±
sign indicates the di ect o of the group velocity (no mal
component) given by ±⇣e,hxˆ, for which w have defi ed
⇣e = +1, and ⇣h =  1. In the bsence of m gnetic in-
homogeneity and spin-orbit interaction, the spin is con-
served along magnetization .
It is customary that at the interfaces, generic bound-
ary conditions pertinent to interface scattering and dis
order can be taken into account by an insertion of a per-
fect spacer N between adjacent materials[1, 2]. This way,
the full scattering process is broken down into studying
Nr|S|N , and N |FI structures separately. We bear in
mind that propagation through the N layer mixes ei-
ther particle-hole nor spin degrees of freedom. For the
Nr|S|N structure, following BTK[3], we assume a uni-
form superconducting pair-potential   inside the S ay
that vanishes in the N layers. This way the scattering
process takes place only at the interfaces, which ssen-
tially contains QPs propagating into the S and Andreev
retro-reflections. In a more realistic (dirty) normal metal-
S interface, however, there is a possibility of a specular
reflection for electrons and holes. Hence, to model par-
tially reflective interfaces, we have incorporated barrier
potentials in the form of Z1~vF  (x), and Z2~vF  (x dS)
whose strength are parametrized by Z1, Z2, (vF is the
Fermi velocity).
Initially, we assume no barrier potentials and study
a single-channel scattering in a 1D wire. Physically, this
can be justified by imposing a constriction, that is, trans-
verse thickness of the N layers to be on the order of a
Fermi wavelength[1]. Later on, we will relax these condi-
tions by considering a 3D geometry with partially reflec-
tive 2D interfaces (Z1, Z2 6= 0), for which we integrate
out all transverse modes.
A snapshot configuration scattering process
A comparison between a typical FI precession period
⇠ 10 10 s (FMR period) with the time scales of elec-
tron and hole dynamics, (dS + dN )/vF ⌧ 10 10 s, re-
veals that the magnetization dynamics can be taken as
an adiabatic evolution during the scattering process. Ini-
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FIG. 1. A sn ps ot configuration for ma netizatio m(t) in
an Nr|S|N |FI struc ure with incoming a d o tgoing modes
(black and red, respectively). The pro agation direction for
electrons and holes with sc tt ring a pli udes c±e , c
±
h is given
by ±xˆ for electrons, and ⌥xˆ for holes. The shaded sl bs at
x = 0 and dS represent barrier potentials whose strengths are
parametrized by Z1 nd Z2. The i cident QPs’ wave vector
is given by (ke,h, kk).
tially, this reduces the problem to a time-independent
process ca ried out with a snapshot configuration for the
magnetization. One can gener liz [? ] to inco porate
magnetization precession dynamics with a simple SU(2)
rotation to the rotating frame of m(t). Including the
precessional motion of the magnetization, which is rotat-
ing around z-axi m(t) =
 
sin ✓ cos!t, sin ✓ sin!t, cos ✓
 
,
can be accomplished by a spinor rotation[? ] as S(", t) =
U†(t)S(")U(t). The time-dependent unitary rotation
U(t) is a transformation from the lab frame to rotating
frame of m, that is given by
U =
 
e
i✓
2  y 0
0 e
i✓
2  y
!✓
e
i!t
2  z 0
0 e 
i!t
2  z
◆
. (1)
The precessional angular speed is given by !.
To start, let us begin with the scattering process in
Nr|S|N structure[4]. For a S with a thickness given by
dS , applying continuity conditions for wave function and
discontinuity of its derivative on the interfaces as well
as current continuity inside the S, we can relate the in-
coming modes
⇥
c+e (Nr), c
 
e (N), c
 
h (Nr), c
+
h (N)
⇤T
to the
outgoing modes
⇥
c e (Nr), c
+
e (N), c
+
h (Nr), c
 
h (N)
⇤T
in the
Nr|S|N structure (for details of this calculation see Ap-
pendix ??).
For the normal metal N a width of dN , the electron
and hole propagate through and reflect back o↵ the FI
interface without mixing particle-hole and spin spaces.
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potentials in the form of Z1~vF  (x), and Z2~vF  (x dS)
whose strength are parametrized by Z1, Z2, (vF is the
Fermi velocity).
Initially, we assume no barrier potentials and study
a single-channel scattering in a 1D wire. Physically, this
can be justified by imposing a constriction, that is, trans-
verse thickness of the N layers to be on the order of a
Fermi wavelength[1]. Later on, we will relax these condi-
tions by considering a 3D geometry with partially reflec-
tive 2D interfaces (Z1, Z2 6= 0), for hich we integrate
out all transverse modes.
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veals that the magnetization dynamics can be taken as
an adiabatic evolution during the scattering process. Ini-
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FIG. 1. A snapsho co fi uration for magnetiz tion m(t) in
an Nr|S|N |FI structu e with incoming a d utgoi g modes
(black and red, respectively). The propagation direction for
electrons and holes with scat ering ampli udes c±e , c
±
h is given
by ±xˆ for electrons, and ⌥xˆ for holes. The shaded slabs at
x = 0 and dS represent barrier potentials whose strengths are
parametrized by Z1 and Z2. Th incident QPs’ w ve vector
is given by (ke,h, kk).
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an adiabatic evolution during the scatterin process. Ini-
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FIG. 1. A snapshot configuration for magnetization m(t) in
an Nr|S|N |FI structure with incoming and outgoing modes
(black and red, respectively). The propagation direction for
electrons and holes with scattering amplitudes c±e , c
±
h is given
by ±xˆ for electrons, and ⌥xˆ for holes. The shaded slabs at
x = 0 and dS represent barrier potentials whose strengths are
parametrized by Z1 and Z2. The incident QPs’ wave vector
is given by (ke,h, kk).
tially, this reduces the problem to a time-independent
process carried out with a snapshot configuration for the
magnetization. One can generalize[? ] to incorporate
magnetization precession dynamics with a simple SU(2)
rotation to the rotating frame of m(t). Including the
precessional motion of the magnetization, which is rotat-
ing round z-axism(t) =
 
sin ✓ cos!t, sin ✓ sin!t, cos ✓
 
,
ca be accomplished by a spinor ro atio [? ] s S(", t) =
U†(t)S(")U(t). T time-dependent unitary rotatio
U(t) is a transformation f m the lab frame to rotating
frame of m, that is given by
U =
 
e
i✓
2  y 0
0 e
i✓
2  y
!✓
e
i!t
2  z 0
0 e 
i!t
2  z
◆
. (1)
The p cessional angular eed is given by !.
To start, let us begin with the sca tering pro ess in
Nr|S|N tructure[4]. For a S with a thickn ss given by
dS , applying conti uity conditions for wave fun tion and
disconti uity of it derivative on the interface as well
as current con inuity inside the S, we can relate the in-
comi modes
⇥
c+e (Nr), c
 
e (N), c
 (Nr), c+h (N)
⇤T
to the
outgoing modes
⇥
c e (Nr), c
+
e (N), c
+
h (Nr), c
 
h (N)
⇤T
in the
Nr|S|N structure (for details of this calculation see Ap-
pendix ??).
For the normal metal N a width of dN , the electron
and hole propagate through and reflect back o↵ the FI
interfac without mixing particle-hole and spin spaces.
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THEORY OF A SPIN-DEPENDENT
SCATTERING WITH SUPERCONDUCTOR
In the following, we study a time-dependent scatter-
ing in ballistic regime f r a Nr|S|N |FI hybrid structure,
see Fig.1. Our cattering process is carried out by spin-
ful QPs, i.e., lectrons and holes, whose ampli udes are
given by the complex numbe s c±e,h. Th superscript ±
sign indicates the di ction of the group v lo ity ( ormal
component) giv n by ±⇣e,hxˆ, for which we have defined
⇣e = +1, and ⇣h =  1. In the absence of magnetic in-
homo eneity and spin-orbit interaction, the spin is co -
served along magnetization m.
It is customary that at the interfaces, generic bound-
ary conditions pertinent to interface scattering and dis-
order can be taken into account by an insertion f a per-
fect spacer N between adjacent aterials[1, 2]. This way,
the full scattering p ocess is broken down into studying
Nr|S|N , and N |FI structures separa ely. We bear in
mind that propa ation through the N layer mixes nei-
ther particle-hole nor sp n degrees of fr edom. For the
Nr|S|N structur , following BTK[3], we assume a uni-
form su rconducting pair-poten al   inside the S layer
that vanishes in the N layers. This way the scattering
process takes place only at the interfaces, which essen-
tially contains QPs propagating into the S and Andreev
retro-refl cti ns. I a more realistic (dirty) normal metal-
S int rface, however there is a possibility of a specular
reflecti n for electr s and holes. H nce, to m del par-
ially reflective interfa es, we have incorpor ted barrier
poten i ls in t e form of Z1~vF  (x), and Z2~vF  (x dS)
whose strength are parametrized by Z1, Z2, (vF is the
Fermi velocity).
Initially, we assum no barrier p te tials and study
a single-chan el scat ering in 1D wire. Physically, this
can be jus ified by im os a constrictio , that is, t ans-
verse thickness f the N laye s to be on the order of a
Fermi wavelength[1]. Later on, we will r lax these condi-
tions by considering a 3D geometry with partially reflec-
tiv 2D interfaces (Z1, Z2 6= 0), for which we integrate
out all transv rse mod
A snap hot configuration scattering process
A comp rison between a typical FI precession period
⇠ 10 10 s (FMR period) with th tim scal s of elec-
tron and hole dynamics, ( S + dN )/vF ⌧ 10 10 s, re-
ve ls that the magnetization dynamics can be t ken as
n diabatic evolutio during the scattering process. Ini-
!"#!"$!%$!%#
S
m(t)
dS 		
x
z
!"#!"$!%$!%#ke,h  
k∥
FI
N
Nr 		 dN		
() (*
FIG. 1. A snapshot configurat on for magnetization m(t) in
an Nr|S|N |FI s ructure with incoming an ou going modes
(black and red, respec ively). The propagation direction for
electrons and holes with scattering amplitu c±e , c
±
h is given
by ±xˆ for electrons, and ⌥xˆ for holes. The shaded slabs at
x = 0 and dS represent barrier potentials whose strengths are
parametrized by Z1 and Z2. The incident QPs’ wave vector
is giv n by (ke,h, kk).
tially, this red ces the problem to a ime-independent
process carried out with a snapshot configuration for th
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gnetization precession dynamics with a simple SU(2)
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precessional mo ion of the magnetization, which is rotat-
ing around z-axism(t) =
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,
an be accomplished by a spinor rotation[? ] as S(", t) =
U†(t)S(")U(t). The time-dependent unitary rotation
U(t) is a transformatio from the lab frame to rotating
fram of m, that is given by
U =
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◆
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The precessional angular speed is given by !.
To start, let us begin with the scattering process in
r|S|N structure[4]. For a S with a thickness given by
dS , applyi g continuity co ditions for wave functi n and
discontinuity of its derivative on the int rf ces as well
as curre continuity inside the S, we can elate t in-
co ing modes
⇥
c+e (Nr), c
 
e (N), c
 
h (Nr), c
+
h (N)
⇤T
to the
outgoing modes
⇥
c e (Nr), c
+
e (N), c
+
h (Nr), c
 
h (N)
⇤T
in the
r|S|N st uctu e (for details of this calculation see Ap-
pendix ??).
For the normal met l N a width of dN , the electron
and h l propagate t rough and refle t back o↵ the FI
interface witho t mixing particle-hole and s in spaces.FIG. S1. A snapshot configur tio for the magnetization m( ) in an Nr|S|N|FI structure with the incoming and o going
modes into the S (black and red, respectively). The propagation direction for electrons and holes with scattering amplitudes
c±e , c
±
h are given by ±xˆ, ∓xˆ, resp ctively. The haded slabs at x = 0 and dS represent the barrier potentials whose strengths
are parametrized by Z1 and Z2. The incident QP w ve vector is given by (ke,h, k‖).
It is clear that outside of the S, where ∆→ 0, we get A(ε)→ 0, leading to normal region’s basis elements,
Ψ±Nne =
(
1
0
)
e±ikexΦn(y, z),
Ψ±Nnh =
(
0
1
)
e±ikhxΦn(y, z), (S6)
Therefore, the incident and reflected modes in N and S layers can be expanded as
ΨN = c
+
e (N)Ψ
+
Nne + c
−
e (N)Ψ
−
Nne + c
+
h (N)Ψ
+
Nnh + c
−
h (N)Ψ
−
Nnh, (S7)
and
ΨS = c
+
e (S)Ψ
+
Sne + c
−
e (S)Ψ
−
Sne + c
+
h (S)Ψ
+
Snh + c
−
h (S)Ψ
−
Snh. (S8)
The scattering matrix across the S is obtai ed by imposing the following onditio s: 1) Continuity of the wave
functions ΨNr ,ΨS and their derivative at the interf ce x = 0. 2) Continuity of th current inside the S, that is,
0 < x < dS . 3) Continuity f ΨS ,ΨN the r derivative at x = dS . A straight forward algebra, under Andreev
approximation ∆/EF  1, yields
c−e (Nr)
c+e (N)
c+h (Nr)
c−h (N)
 = 11− (r∞A )2γ

0 κγu−2 (r∞A )(1− γ) 0
κγu−2 0 0 (r∞A )(1− γ)
(r∞A )(1− γ) 0 0 γκ−1u−2
0 (r∞A )(1− γ) γκ−1u−2 0


c+e (Nr)
c−e (N)
c−h (Nr)
c+h (N)
 , (S9)
where
κ = eikF dS , γ = ei2ΩdS/~vF ,
u2 =
ε
Ω
(
1
2
+
Ω
2ε
) , (r∞A )(ε) = A(ε), (S10)
in which
Ω ≡
{
i
√
∆2 − ε2, if |ε| < ∆
ε
√
1−∆2/ε2, if |ε| > ∆ ; H
2
0 = Ω
2. (S11)
This scattering matrix can be generalized to include nonzero Z1,2 on the interfaces [4]. The quantity (r
∞
A ) is the
AR amplitude at the interface of a normal metal and a bulk S [1]. For a thin S layer, as it can be checked from the
QP scattering matrix for the Nr|S|N structure, this is modified to
rA =
(1− γ)(r∞A )
1− γ(r∞A )2
. (S12)
3For the normal metal N a width of dN , the electron and hole propagate through and reflect back off the FI interface
without mixing particle-hole and spin spaces. In general, this reflection corresponds to a phase shift for the reflected
electrons and holes from the magnetically active FI region,
c−e (N) = r
σ
e c
+
e (N),
c+h (N) = r
−σ
h c
−
h (N) , (S13)
in which the electron reflection coefficient is given by rσe (ε) = e
i2kedN eiϑσ , and particle-hole symmetry yields rσh(ε) =[
rσe (−ε)
]∗
. The spin-dependent phase shift ϑσ is given by
eiϑσ =
√
E − i√Vσ − E√
E + i
√
Vσ − E
, E < Vσ . (S14)
The energy of an incoming electron or hole is given by E = EF + ζ
e,h|ε|, where the excitation energy ε is measured
with respect to the Fermi energy EF . Combining the scattering matrix of Nr|S|N with Eq. (S13) the full scattering
matrix obtains, which relates incoming modes to the outgoing ones as follows:(
c−e (Nr)
c+h (Nr)
)
=
(
rσee r
σ−σ
eh
r−σσhe r
−σ
hh
)(
c+e (Nr)
c−h (Nr)
)
, (S15)
where
rσee =
κ2γ
η
rσe , r
−σ
hh =
κ−2γ
η
r−σh ,
rσ−σeh =
r∞A (1− γ)
η
[
1− (r∞A )2γ − ((r∞A )2 − γ)rσe r−σh
]
.
In the above equations we have defined
η ≡ (1− (r∞A )2γ)2 − (r∞A )2(1− γ)2rσe r−σh . (S16)
It is instructive to note that a constructive RowellMcMillan interference takes place when
rσe r
−σ
h (r
∞
A )
2 = ei2npi , n = 0,±1,±2, · · · , (S17)
The extra terms in η stem from multiple tunneling and reflection possibilities due to finite thickness of the S, that
is, γ 6= 0. At this point it is refreshing to test the scattering matrix elements against the intuitive circumstances.
In the limit of thick S, dS → ∞ the scattering process is dominated by AR for ε < ∆. Taking the limit, we get
rσee = r
−σ
hh = 0, and r
σ−σ
eh = r
∞
A . Additionally, in the limit of no S, dS → 0, particle-hole mixing elements vanish i.e.,
r−σσeh = 0.
The spin-flipped scattering matrix elements (σ → −σ) are obtained via r∞A → −r∞A ,
rσ−σeh (ε) = −r−σσeh (ε) , rσ−σhe (ε) = −r−σσhe (ε) , (S18)
and from the particle-hole symmetry it follows that[
rσee(−ε)
]∗
= rσhh(ε) ,
[
rσ−σeh (−ε)
]∗
= rσ−σhe (ε) . (S19)
In short, the scattering matrix with all the non-zero elements can be written as follows:
S(ε) =

r↑ee(ε) 0 0 r
↑↓
eh(ε)
0 r↓ee(ε) r
↓↑
eh(ε) 0
0 r↑↓he(ε) r
↑
hh(ε) 0
r↓↑he(ε) 0 0 r
↓
hh(ε)
 . (S20)
Here, we conclude by noting that the condition given in Eq. (S17) corresponds to the resonant behavior in the mixing
conductance, see Fig. S2.
Time-dependent scattering.—A comparison between a typical FI precession period ∼ 10−10 s (FMR period) with
the time scales of electron and hole dynamics, (dS + dN )/vF  10−10 s, reveals that the magnetization dynamics
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FIG. 4. Multiple specular and Andreev reflections take place
in the normal metal region. A constructive quantum inter-
ference after two round trips leads to formation of the ABSs.
The QPs entered into the S layer either form a Cooper pair
or tunnel through the S layer.
In short, the scattering matrix displaying all the non-zero
elements, can be written as following
r(") =
0BBB@
r"ee(") 0 0 r
"#
eh(")
0 r#ee(") r
#"
eh(") 0
0 r"#he(") r
"
hh(") 0
r#"he(") 0 0 r
#
hh(")
1CCCA . (22)
3D geometry.—Due to translation symmetry on the in-
terfaces, the full 3D scattering problem can be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
incident particles with ABS energy levels irrespective of
their incident angle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with resonant energies "A can escape the normal re-
gion either by tunneling through the S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
current, we would Here, we utilize a heuristic argument
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tunnelling through the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latter case, one can obtain the Cooper pair containing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
hancement a↵ected by the resonant ABSs, is an interplay
of QPs and Cooper pairs with an induced triplet compo-
nent. |r0A|, dS/⇠0, dN/⇠0, "/ 0
rA =
(1   )r1A
1   (r1A )2
, (24)
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ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy valu s in spin current, only selects
incident particle with ABS energy levels irrespective of
their incide t angle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
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FIG. S2. Left panel: The number of reso ant ABSs can be controlled by dN . Right panel: In spite of an overall reduction in
the mixing conductance with the interface barrie potentials Z1 = Z2 = 0.1, the underlying resonant behavior persists. Here,
we have chosen dS = 1.5ξ0 and ∆ex = 0.4EF .
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3D geometry.—Due to translation symmetry o the in-
terfaces, the full 3D scattering problem ca be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
i cident particles with ABS energy levels irrespective of
their incident angle. This way, enha cement chanism
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with resonant energies "A can escape the normal re-
gion either by tunneling through the S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
cur ent, we would Here, w utilize a heuristic argument
to describe generation of triplet pairing in our se p. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tunnelling th ough the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latter case, one can obtain the Cooper pair containing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
hancement a↵ected by the resonant ABSs, is an inter-
play of QPs and Cooper pairs with an induced triplet
component. |r0A|, dS/⇠0, dN/⇠0, "/ 0, g"#e↵/L2,T = 0.4Tc
dN = 4⇠0
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FIG. 4. Multiple specular and Andreev reflections take place
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The QPs entered into the S layer either form a Cooper pair
or tunnel through the S layer.
In short, the scattering ma rix displaying all the non-zero
lements, ca be written as following
r(") =
0BBB@
r"ee(") 0 0 r
"#
eh(")
0 r#ee(")
#"
eh(") 0
0 "#he(") r
"
hh(") 0
r#"he(") 0 0 r
#
hh(")
1CCCA . (22)
3D geometry.—Due to translation symmetry on the in-
terfaces, the full 3D scattering problem can be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
to obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin current, only selects
incident particles with ABS energy levels irrespective of
their incident a gle. This way, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with resonant energies "A can escape the normal re-
gion either by tunneling through th S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
N vertheless, Before embarking to the analysis of the spin
current, we would H re, we utilize a heuristic argument
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tunnell g thr ugh the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latter case, one can obtain the Cooper pair containing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Coop p ir contai s a triplet pairing componen ,
|"#i + |#"i, with an am li ude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
hancement a↵ected by the resonant ABSs, is an inter-
play of QPs and Cooper pairs with an induced triplet
compone t. |r0A|, dS/⇠0, dN/⇠0, "/ 0, g"#e↵/L2,T = 0.4Tc
dN = 4⇠0
rA =
(1   )r1A
1   (r1A )2
, (24)
[1] C. W. J. Beenakker. Rev. Mod. Phys. 69, 731 (1997)
[2] Y. Nazarov, Y. Bla ter. Quantum Transport: Introduc-
tion to Nanoscience. Cambridge: Cambridge University
Press (2009)
[3] G. E. Blonder, M. Tinkham, and T. M. Klapwijk. Phys.
Rev. B 25, 4515 (1982)
[4] H. J. Skadsem, A. Brataas, J. Martinek, and Y.
Tserkovnyak, Phys. Rev. B 84, 104420 (2011)
[5] O. Entin-Wohlman, Y. Imry, and A. Aharony. Phys. Rev.
B 78, 224510 (2008)
[6] M. Eschrig, T. Lo¨fwander. Nature Physics, 4, (2008)
J. Linder, J. W. A. Robinson, Nature Physics, 11, (2015)
4
!"#
!"$!"#!%#!%$!"$!%$
FINS
FIG. 4. Multiple specular and Andreev reflections take place
in the normal metal region. A constructive quantum inter-
f rence after wo round trips leads to formation of the ABSs.
The QPs entered into the S layer eit er form a Co er pair
or tunnel through the S layer.
In short, the scatteri g matrix displaying all the no -zero
elements, can b written as following
r(") =
0BBB@
r"ee(") 0 0 r
"#
eh(")
0 r#e(") r
#"
eh(") 0
0 r"#he(") r
"
hh(") 0
r#"he(") 0 0 r
#
hh(")
1CCCA . (22)
3D geometry.—Due to translation symmetry on the in-
terfac s, the full 3D scattering problem can be inferred
from our scattering matrix by the following transforma-
tion EF ! EF   Ek, where Ek refers to the energy as-
socited with the transfer modes. Now, for a given inci-
dent particle energy EF  Ek+", we will sum over all Ek
t obtain net 1D spin current per unit area. For sub-gap
energies, the spin-mixing conductance has negligible val-
ues except when Eq. (19) is satisfied. Therefore, integrat-
ing over all the energy values in spin curre t, o ly select
incident particles with ABS energy levels irresp ctive of
their incident angle. This ay, enhancement mechanisms
are preserved as shown in the inset plot in Fig. 3.
Dynamic generation of triplet Cooper pairs—The QPs
with reson nt e ergies "A can escape the normal re-
gion either by tunneling through the S layer or form-
ing a Cooper pair inside the S layer. A time-dependent
scattering resulting in an enhancement of spin pump-
ing accounts for all the relevant mechanisms present in
a superconductor-ferromagnet hybrid structure such as
AR, ABS, CAR, and generation of the spin-polarized
triplet pairing. The spin-polarized triplet pairing has in-
stigated considerable amount of interest due to its com-
patibility with spin polarizing ferromagnetic order [? ].
Nevertheless, Before embarking to the analysis of the spin
curre t, we would Here, we utilize a heuristic argument
to describe generation of triplet pairing in our setup. For
finite thicknesses of the S layer, dS ⇠ ⇠0, QPs with the
resonant energy "A <  0 can escape the N layer either
by tu nelling through the S layer or forming Cooper pairs
inside the S layer (s-wave pairing order for electrons). For
the latte case, one can obtain the Cooper pair containing
spin-dependent phases [6] as follows:
ei↵ |"#i   e i↵ |#"i , (23)
where ↵ ⇠ #. As it can be checked directly, above trans-
formed Cooper pair contains a triplet pairing component,
|"#i + |#"i, with an amplitude determined by #. The
precessing quantization axis for spins, i.e., m(t), on the
other hand, can dynamically induce spin-polarized triplet
Cooper pairs contributing to spin current [? ], i.e., |##i
and |""i. Consequently, the physics of spin current en-
h cement a↵ected by the resonant ABSs, is an inter-
play of QPs and Cooper pairs with an induced triplet
component. |r0A|, dS/⇠0, dN/⇠0, "/ 0, g"#e↵/L2,T = 0.4Tc
dN = 4⇠0
rA =
(1   )r1A
1   (r1A )2
, (24)
[1] C. W. J. Beenakker. Rev. Mod. Phys. 69, 731 (1997)
[2] Y. Nazarov, Y. Blanter. Quantum Transport: Introduc-
tion to Nanoscience. Cambridge: Cambridge University
Press (2009)
[3] G. E. Blonder, M. Tinkham, and T. M. Klapwijk. Phys.
Rev. B 25, 4515 (1982)
[4] H. J. Skadsem, A. Brataas, J. Martinek, and Y.
Tserkovnyak, Phys. Rev. B 84, 104420 (2011)
[5] O. Entin-Wohlman, Y. Imry, and A. Aharony. Phys. Rev.
B 78, 224510 (2008)
[6] M. Eschrig, T. Lo¨fwander. Nature Physics, 4, (2008)
J. Linder, J. W. A. Robinson, Nature Physics, 11, (2015)
FIG. S3. The effective mixing conductance per unit area L2 shows a similar enhancement feature as the 1D case. For an
incident QP with the transverse mom ntum k‖ on a 2D interface, all the transverse modes are integrated out to obtain an
effective 1D setup.
can be taken as an adiabatic evolution during the scattering process. Initially, this reduces the problem to a time-
independent process carried out with a snapshot configuration for the magnetization. Nonetheless, one can generalize
to incorporate magn tization precession dynamics with a simple time-dependent SU(2) rotation to the lab frame in
which the magnetization direction is varying [5]. Including the precessional motion of the magnetiz tion, which is
rotating around z-axis m(t) =
(
sin θ cosωt, sin θ sinωt, cos θ
)
, can be accomplished by a spinor rotation [5] given by
U(t) =
(
e
iθ
2 σy 0
0 e
iθ
2 σy
)(
e
iωt
2 σz 0
0 e−
iωt
2 σz
)
, (S21)
where ω is the precessional angular speed. Consequently, the time dependent scattering matrix in the lab frame
obtains, S(ε, t) = U†(t)S(ε)U(t).
3D geometry.—Due to the translation symmetry on the interfaces, the full 3D scattering problem can be inferred
from our scattering matrix, given in Eq. (S20), by the following transformation EF → EF −E‖, where E‖ = ~2k2‖/2m
refers to the energy associated with the transverse modes. Now for a given incident QP energy EF − E‖ + ζe,hε,
we sum over all E‖ to obtain net 1D spin current per unit area. For sub-gap energies, the mixing conductance has
5negligible values except when Eq. (S17) is satisfied. Therefore, integrating over all the energy values in spin current,
only selects incident particles with ABS energies irrespective of their incident angle. This way, the mechanisms led to
the enhancement of the spin current are preserved, e.g., see Fig. S3.
Dynamic generation of triplet Cooper pairs—We utilize a heuristic argument to describe the triplet pairing gen-
eration in our setup. For a thin S layer, dS ∼ ξ0, QPs with the resonant energies can escape the N layer either by
tunnelling through the S layer or forming Cooper pairs inside the S layer which is due to the s-wave pairing order of
the S. For the latter case, one can obtain [6] the Cooper pair containing the spin-dependent phases as follows:
eiα |↑↓〉 − e−iα |↓↑〉 , (S22)
where α ∼ ϑ. The transformed Cooper pair contains a spin-triplet component, |↑↓〉 + |↓↑〉, with an amplitude
determined by sinϑ. The precessing magnetization m can dynamically induce spin-polarized triplet Cooper pairs |↓↓〉
and |↑↑〉, which is caused by the variations in the direction of the quantization axis for spins [6]. From a mathematical
point of view, this can be understood by noting that the spin-polarized and |↑↓〉 + |↓↑〉 triplet states belong to the
same irreducible Hilbert space, as such any unitary transformation on an element will be expanded within the Hilbert
space.
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